The emission of a bright blue fluorescence is a unique feature common to the vast variety of polymer carbon dots (CDs) prepared from carboxylic acid and amine precursors.
INTRODUCTION
Fluorescent carbon dots (CDs) are a unique class of spherical nano-meter sized objects contributing to the most recent advances in the fields of sensors, [1] [2] [3] [4] [5] [6] biosensors, 7-10 bioimaging, [11] [12] [13] [14] drug delivery, [15] [16] [17] [18] light emitting devices, [19] [20] and photocatalysis. [21] [22] Apart of their high fluorescent quantum yields, their use in diverse applications is based on their facile fabrication and a broad set of cheap precursor materials, their water solubility, low toxicity and good biocompatibility, as well as their favorable energy and charge transfer properties. Unfortunately, the polydispersity of the CD products and the difficulty to ascertain a precise chemical structure yet undermine the comprehension of the underlying general fluorescence phenomena and also hinder the design of advanced CDs with tunable optical properties.
The synthesis of fluorescent CDs by common bottom-up approaches involves the polymerization/cross-linking of organic molecules and/or polymers at high temperature in hydrothermal or microwave-assisted reactions. [23] [24] [25] The formation process resembles a dehydration and condensation process among the abundant functional groups of the precursor materials, whereby the resulting polymer CDs are composed of mixtures of molecules, oligomers, polymer chains, polymer clusters, which even may show a certain degree of carbonization, depending on the starting reagents and the synthesis conditions. [26] [27] Random reaction processes thus contribute to the vast number of CD products available. However, despite their large variety and uncertain chemical structure, all these types of CDs reveal a unique blue fluorescence emission as common unifying feature.
Part of recent studies relate the fluorescence of CDs to the detection of conjugated fluorophores, such as IPCA (1,2,3,5-tetrahydro-5-oxo-imidazo[1,2-α]pyridine-7-carboxylic acid), [28] [29] [30] derivatives or citrazinic acid [31] [32] or pyridine-like structures. [33] [34] On the other hand, the group of B. Yang put under closer scrutiny the polymeric structure of the CDs. The observation that also non-conjugated polymers cause a bright photoluminescence, regardless of the presence of other emissive sources such as molecular fluorophores or a carbon core was ascribed to the so-called cross-link enhanced emission (CEE) effect. 24, [35] [36] [37] [38] [39] Here the rigidity of the polymer network, achieved by cross-linking, aggregation or immobilization decreases the vibrational and rotational freedom of subfluorophores such as C=O, N=O, C=N heteroatom-containing double bonds, facilitating their radiative relaxation. Nevertheless, the exact nature of these subfluorophores and their role in the optical properties of non-conjugated polymer CDs is not well understood yet, mainly due to the lack of studies focusing on the synthesis of CDs to which a precise chemical structure can be assigned.
The aim of this work is to unambiguously identify the origin of the blue fluorescence, commonly observed in non-conjugated polymer CDs. To this end, model types of blue fluorescent CDs with a well-defined structure, consisting of commonly employed carboxylic acid and amine functional groups are synthesized. Citric acid and ethylenediamine are chosen as rather simple precursor molecules and three synthesis routes are designed to establish a polycondensation process resulting in amide bond formation while avoiding undesired sidereactions. This includes low temperature microwave assisted reactions controlling reaction time and reactive groups, as well as a novel yet unexplored room-temperature synthesis route, exploiting reactions based on carbodiimide chemistry. All three routes produce highly blue emitting fluorescent polymer CDs of 1 to 1.5 nm. A complete characterization of their chemical structure by a broad set of methods reveals the formation of a compact network of short polyamide chains of about ten monomer units. Density functional theory (DFT) analysis of the ground and excited state of these model polymer CDs disclose the existence of spatially separated highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals located at the amide and carboxylic moieties, respectively. Photoinduced charge-transfer between these groups thus constitutes the origin of the strong luminescence behavior, further assisted by hydrogenbond mediated supramolecular interactions of the entangled polyamide chains. Finally, studies on the use of polymer CDs for metal ion sensing further confirm that their performance is a direct consequence of the supramolecular polyamide network structure and the photoinduced chargetransfer processes between spatially separated amide and carboxylic groups.
RESULTS AND DISCUSSION
Citric acid (CA) and ethylenediamine (EDA) in a ratio 1:1 were chosen as starting material for the synthesis of CDs1. The fluorescent nanoparticles were obtained by microwave irradiation at 140°C for 3 minutes (see experimental part). A preliminary study shows that an increase of the reaction time in the considered range does not produce any change on the size, structure and optical properties of the product (see Supporting Information for details, Figures S1-S10 and   Tables S1-S3 ). During the synthesis of CDs1 the amide bond formation is expected. The amidic condensation between CA and EDA thus could be considered as a sufficient condition for obtaining fluorescent CDs. In order to investigate the role of the amide bond in the formation of the fluorophore, two more syntheses of CDs were carried out. Keeping in mind that the CA reactivity is not only determined by the acid moieties, but also by the presence of the hydroxyl group, which at high temperature could lead to unpredictable products, CA was replaced by tricarballylic acid (TA). While this leaves unaffected the plausible formation of the amide bonds, it ensures that reactions involving the hydroxyl group are excluded. Thus, in a process equivalent to the synthesis of CDs1, the nanoparticles CDs2 were obtained from a water solution of TA and and CDs3 in solid and in water solution (0.5 mg/mL), with and without UV irradiation.
ability of this group to form H-bonds may contribute to provide enhanced rigidity to the polymer structure and thus assists to suppress non-radiative decay channels. In order to shine light on the chemical interactions behind the fluorescence, a detailed structural characterization of CDs1, CDs2 and CDs3 was performed by means of elemental analysis, infrared spectroscopy, nuclear magnetic resonance spectroscopy and X-ray photoelectron spectroscopy.
Results of elemental analyses of CDs1 and CDs3 (Supporting Information, Figure S17 and Table   S5 ) match with a formula of C8H12N2O5, indicating that a stoichiometric copolymer is formed by condensation of CA and EDA in a 1:1 molar ratio. The same correspondence is found for
CDs2 revealing a stoichiometric formula of C8H12N2O4 (Supporting Information, Figure S18 and Table S5 ). These facts provide a good starting point for the understanding of the chemical structure of the formed CDs.
In the IR spectrum of CDs1 ( Figure 3a ) the typical C=O stretching mode of the carboxylic group splits in two bands. The band at 1710 cm-1 reflects the carboxylic acid involved in H-bond, while the band at 1780 cm-1 is the free form. The former exhibits a significantly higher intensity than the latter one. This indicates that almost all of the carboxylic groups are involved in H-bonds. In order to achieve a deeper understanding of the structure and photoluminescence of these nanoparticles, DFT calculations have been performed based on the CDs1 and CDs3 polymeric
[C8H12O5N2]n units (see Supporting Information for details). For the analysis of the structural features that may be responsible of the CEE effect, clusters of different size have been studied, in particular the dimer (n = 2), octamer (n = 8) and decamer (n = 10). The latter is a good approximation of the CDs1 real chain, whose molecular mass was measured to be 2300 Da by size exclusion chromatography (SEC/RI, Supporting Information, Figure S4 ), while the polymeric unit weights 216 Da. The optimized structures show that the main characteristic is a very intricate network due to the establishment of both intra-and intermolecular hydrogen bonds.
In Figure 4a two dimeric chains (n = 2) are represented and it is clear the degree of entanglement, both within and between chains. In Figure 4b is represented one decameric chain (n = 10) that also shows a highly intricate structure due to the intramolecular hydrogen bonding (HB). This feature is reflected in the size of the nanoparticle. The calculated diameters are 1.564 nm and 1.670 nm for the octamer and the decamer, respectively, in good agreement with the particle size measured experimentally. As it has been previously mentioned, this aggregation of the chains is responsible of the enhancement of the fluorescence in these systems, due to a restriction of the vibrational or rotational degrees of freedom that may favor a non-radiative relaxation. In order to corroborate this statement, the optical properties of four representative systems have been calculated, namely, three dimers and one octamer. The first dimer has only one chain, while the others comprise two dimeric chains to generate two conformers, where either the intramolecular or the intermolecular HB is favored. The use of one or two chains, as well as two different conformers, allows studying the influence of the intra-and intermolecular interactions independently. The octamer has been used in order to relieve the computational effort. In Table 1 are gathered the absorption and emission energies, and the corresponding wavelengths. It is observed that the four models absorb in the UV, with wavelengths in the range of λabs = 239 -269 nm. The nature of the transition has been characterized by the analysis of the molecular orbitals involved, which is depicted in Figures 4c and 4d for the dimer, in order to facilitate the visualization. The HOMO has its main contribution from the amide moiety (-CONH-), while the LUMO is centered in the carboxylic groups (-COOH) and it is from HOMO to LUMO where excitation takes place. This means that HOMO and LUMO molecular orbitals are confined at very specific sites, that they are well separated, and that the fluorescence is a charge transfer process. This process is enhanced for the large models due to the sum of all local charge transfer processes occurring in each amide-carboxyl pair of the chain. Experimental evidence for these findings is provided by the results of our photoluminescence studies. First, the large Stokes-shift of about 1 eV (see Figure 2b) should be related to a considerable change in the dipole moment between ground state and excited state, being consistent with the typical photo-induced charge transfer mechanism.54-57 Second, the protonation dependency of the emission intensity (see polymer CDs with tailored properties uncovering yet unexploited opportunities.
EXPERIMENTAL SECTION

Materials
Citric acid anhydrous (≥99.5%), tricarballylic acid (99%), ethylendiamine (99+%), N,N'- 
Instruments and characterization
The microwave-assisted reaction was performed in a CEM Discover SP reactor employed in open-batch modality. Atomic force microscopy (AFM) images were acquired in air under ambient conditions using a NT-MDT Aura NTEGRA instrument operating in tapping mode at 110 kHz resonance with Au tips HA_NC ETALON (10nm curvature radius). Samples were prepared on silica substrates by drop casting of diluite water solutions. Particle height distribution analysis was carried out by using the Gwyddion software. Size exclusion chromatography was performed on a system composed by: pump (Izasa Scientific), automatic injector (Izasa measurements were taken with an ESCAPlus spectrometer using a Mg anode (1253.5 eV) and a power of 225 W. XPS data analysis was performed with casaXPS software. UV/Vis absorption spectra were recorded on a Shimadzu UV-2401 PC spectrophotometer. Photoluminescence excitation and emission spectra were recorded on a Horiba Jobin Yvon Fluoromax-P, slits of excitation and emission at 1 mm. All the spectra were recorded at room temperature using 10 mm path-length quartz cuvette. Pico-second time-resolved fluorescence spectra were measured by the time-correlated-single-photon-counting (TCSPC) method on a Nano-Log spectrofluorometer
